The behavior of vortex rings in the initial region of an axisymmetric pulsed jet was simulated by replacing an annular shear layer with a particular vorticity distribution by an array of discrete vortex ring filaments. This modeling was restricted to an inviscid and axisymmetric condition. Consequently, the detailed structure in a real jet cannot be explained by this model. Nonetheless, it provided a good representation of the rolling-up of the shear layer, the vortex ring formation and the transport velocity of the vortex ring. The experimental result, that the pattern of vortex ring formation was roughly classified into three types by Strouhal number, was also explained by this model. The behavior of the vortex ring after formation (for example, vortex ring coalescence) was successfully simulated by replacing a vortex ring by a single vortex ring filament. It was found that vortex ring motion in the initial region of a jet was essentially inviscid. In the present work, a simple numerical approach Received December 6, 1986. Correspondence concerning this article should be addressed to T. Seno.
The behavior of vortex rings in the initial region of an axisymmetric pulsed jet was simulated by replacing an annular shear layer with a particular vorticity distribution by an array of discrete vortex ring filaments. This modeling was restricted to an inviscid and axisymmetric condition. Consequently, the detailed structure in a real jet cannot be explained by this model. Nonetheless, it provided a good representation of the rolling-up of the shear layer, the vortex ring formation and the transport velocity of the vortex ring. The experimental result, that the pattern of vortex ring formation was roughly classified into three types by Strouhal number, was also explained by this model. The behavior of the vortex ring after formation (for example, vortex ring coalescence) was successfully simulated by replacing a vortex ring by a single vortex ring filament. It was found that vortex ring motion in the initial region of a jet was essentially inviscid. that the shear layer rolled up and the vortex ring formed in an axisymmetric jet, was found by Michalke4) by use of the linear stability theory. Streaklines in the rolling-up shear layer were calculated and compared with photographs of visualized axisymmetric un forced jets. Grant3) reported that the flow field in the initial region of an axisymmetric jet was realized by numerical integration of the timedependent Navier-Stokes equations. The calculation result showed that the flow field was dominated by the large-scale vortex ring structure observed experimentally. But this calculation required great amounts of computer storage and time.
In the present work, a simple numerical approach The self-induced velocity of vortex ring element / has only x component and is assumed as follows:
where Uo is the mean centerline velocity of thejet and D is the nozzle diameter, k is a proportional constant. The meanvelocity at r=D/2 near the nozzle exit was about 0.7Uo in the experiments. On the assumption that vortex ring elements at r=D/2 near the nozzle exit were swept downstream by the speed of 0.7Uo, k was set at 0.35 in this computation.
The process of the rolling-up of disturbed free shear layer and the vortex growth were described by the motion of each vortex ring element. The subsequent position of each ring element was calculated from the total velocity induced in each ring. This velocity was the sum of the self-induced velocity, Eq. (4), and the total induced velocity caused by all other vortex elements, computed from Eqs. (3-a, b) . The new position of each vortex ring element was given approximately by:
where Pt is (xt, rt)9 the position of the ith vortex ring element, and Vt is the corresponding velocity. denotes the numberof vortex ring elements per wave length of pulsation. "S shape" instability of array of vortex ring elements is observed at nearly x/D=0.2 in Fig. 2(a) . Vortex ring formation as a cluster of vortex ring elements is observed at nearly x/D=0.3 in Fig.   2(b) . The growth of the vortex ring by gathering nearby vortex ring elements is described in Fig. 2(c) . For 0.9^Sr05^2.0, equal-sized vortex rings were produced distinctly at the same periodic intervals as the pulsation (cf . Fig. 4) . For 2.6 < SVO, vortex rings were produced independently of Sr0 (cf. Fig. 5 ). This result of calculations was coincident with the experimental result reported in the previous paper.7) However, it was difficult to distinguish the vortex ring formation from small-scale instability, i.e., small groups of vortex ring elements, for the range of 2.0<SV0=2.6. For Sr0 > 2.0, small-scale instability was often observed because of the narrow space and the large difference in circulation between neighboring vortex ring elements. The position of vortex ring formation in the computation is compared with the experimental one in Fig. 6 . The mean transport velocity of the vortex ring in the range of0.5<x/D<2.5 is shown in Fig. 7 . The calculated data were coincident with the experimental data ofPetersen,5) but were slightly lower than our experimental data. This simulation seems to be a good representation of a pulsed jet observed experi- Petersen proposed the experimental correlation xj D= Sr~x. For that range of Sr, calculated data showed a trend similar to that of the two correlations, though data were rather scattered. For 2.0 <Sr<2.6, the calculated data were rather larger than experimental ones and were unreliable because of small-scale instability.
This simulation was not a good representation of the vortex ring coalescence observed experimentally. The circulation is an important factor in simulating the process of coalescence. The scattering of data appeared to be caused by an unreasonable evaluation of the circulation. It appeared doubtful that the circulation of the vortex ring in coalescing was the sum of circulations of vortex ring elements which represented the shear layer. So the vortex ring behavior after formation was simulated by replacing a vortex ring by a single vortex ring element, not by a cluster of vortex ring elements, assuming that circulation of vortex ring elements which concern the coalescence could be evaluated by Eq. (3-b) with use of r directional displacements of the two vortex ring elements. An example of the calculation result is shown in Fig. 9 . Trajectories of the two vortex rings which concern the coalescence are coincident with calculated ones except in the region where the two vortex rings are close together.
In this way, vortex ring behavior in the initial region of an axisymmetric jet was simulated by the inviscid model according to Biot-Savart's law.
Acton1} also concluded that the large eddy motion in this region was essentially inviscid. The effect of the pulsation amplitude was investigated by varying the value ofA from 0.005 to 0.3 for various Re and Sr0. When A was larger than 0.05, 
